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(54) Method of nnaking an organic thin film transistor, and article made by the method 



(57) Organic thin film transistors having improved 
properties (e.g.. on/off ratio lO^atSO^'C) are disclosed. 
The improved transistors comprise an organic active 
layer (16) of low conductivity (<5 x 10* S/cm at 20*C, 
preferably less than 10^ or even 10® S/cm). A method 



of producing such materials Is disclosed. Rapid thermal 
annealhg was found to have beneficial results. An ex- 
emplary and preferred material Is a*hexathienylene (a- 
6T). The improved transistors are expected to find use 
for. e. g.. active liquid ciystal displays and for memories. 
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1 EP 0 71 

Descriptlcan 

Field of th0 tnventton 

This invention pertains to thin film transistors (TFTs) 
that comprise an organic active layer, and to methods 
of making such transistors. 

Background of the Invention 

Thin film transistors (TFTs) are known, and are of 
considerable commercial significance. For instartce, 
amorphous silicon-based TFTs are used in a large frac- 
tion of active matrix Tiqutd crystal displays. 

TFTs with an organic active layer are also known. 
See. for instance. R Gamier et aL. Science . Vol. 265, 
pp. 1684-1686; K Koezuka al. Applied Physics Let- 
ters . Vol. 62 (15). pp. 1794-1796; H. Fuchlgami et al.. 
Applied Physics Letters . Vol. 63 (10). pp. 1372-1374; G. 
Horowitz et al.. J. Applied Physics . Vol. 70 (1), pp. 
469-475, and Q. Horov«tz et al.. Synthetic Metals . VoL 
41-43. pp. 1127-1130. These devices typically are fieki 
effect trar^istors (FETs). Such devices potentially have 
significant advantages over conventional TFTs, includ- 
ing a potentially simpler (and consequently cheaper) 
fabrication process, the possibility for low temperature 
processing, and compatbtlity with non-glass (e.g. plas- 
tic) substrates. Bipolar transistors that utilize txAh p4ype 
and n-type organic material are also known. See, for trv 
stance. US patent 5.315.129. S. Miyauchi et al.. Syn- 
thetic Metals . 41^3 (1991). pp. 1155-1158. disctose a 
junction FET that comprises a layer of p-type polythi- 
ophene on n-type silicon. 

However, despite considerable research and devel- 
opment effort, 'organic' TFTs have not yet reached com- 
merdalization. at least in part due to the relatively poor 
device characteristics of prior art organc TFTs. 

An important device characteristic of a switching 
transistor is the onA>ff ratio of the source/drain current 
Prior art organic TFTs typically have relatively low on/off 
ratios. For instance. H. Fuchigami etal. (op. cit.) recently 
reported a device that had carrier riKtbiltty corrtparable 
to amorphous siBcon. but had an on/off ratio of only 
about 20. That paper also disck>5es purification of sem- 
iconducting material (PTV) to reduce the carrier scatter- 
ing by impurities. The material had a conductivity in the 
range lO-^-iO^ s^crrt 

H. Koezuka et al. (op. cit.) report attainment of an 
on/off ratio (nxxiulation ratio) of the channel current of 
about 10^ in a device with doped polypyrole (a highly 
conducting polymer)-coated source and drain contacts. 
According to these authors, this is the highest on/off ra- 
tio achieved in organic FETs. Nevertheless, the reported 
cm/off ratio is still substantially smaller than on/off ratios 
typically available in conventional FETs arKJ demanded 
for many potential applicatbns of organic TFTs. Further- 
more, the organic TFT had very bw carrier mobility (2 x 
10^ cm?/V-s), and thus would rK)! have been suitable 
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for high-speed operatnn. 

In view of the potential significance of organic TFTs. 
it wouk5 be desirable to have available such dev'ces that 
. have improved characteristics, vicludlng improved 
s on/off ratio of the source/drain current This application 
disck>ses such devices, and a method of making the de- 
vices. 

Deflnlttons and Qtoeaary 

10 

An 'organic semiconductor" herein is a material that 
contains a substantial arrKHjnt of carbon in combinatk)n 
with other elements, or that comprises an albtrope of 
elemental casbon (excluding diamond), and exhibits 

IS charge carrier mobility of at least 10-^ cm^/V-s at room 
temperature (20*C). Organic semiconductors of interest 
for TFTs typically have conductivity less than about 
1S/cmat20"C. 

A "p-type" ("n-type") organic semiconductor herein 

20 is an organic semkX)nductor in which the Fermi energy 
is cbser to (feuther from) the energy of the bluest oc- 
cupied orbital of the molecules or aggregates present in 
the material than it is to (from) the energy of the bwest 
unoccupied orbital. The term is also intended to mean 

2S an organic semiconductor which transports positive 
charge carriers more (less) efficiently than negative car- 
riers. Positive (negative) carriers are generally referred 
to as "holes" ("electrons"). 

30 Summary of the Invention 

In a broad aspect the inventbn is embodied in an 
article that comprises a novel organic TFT that can have 
substantially improved characteristics (e.g.. on/off ra- 

35 tb). as compared to prior art organc TFTs. A method of 
making the article is also disclosed. 

Specifically, the organic TFT contprises an organic 
material layer, spaced apart first and second contact 
means (e.g.. gold electrodes) in contact with said layer, 

40 aruj third contact means that are spaced from each of 
the first and second contact means and that are adapted 
for controlling, by means of a voltage applied to the third 
contact means, a current between the first and the sec- 
ond contact means through sab layer. Signifbantly, the 

45 organb material of the layer is selected from the group 
consisting of a-quaterthtenytene (a-4T). a-hex- 
athienylene (a-6T). a-octathienylene (a-BT). a-pentath- 
ienylene (a-5T). a-heptathienylene (a-7T), and a-non- 
athienytene (a-9T). each with or without substituents on 

so the 4 or 5 cart>on of the terminal rings (these compounds 
wiD collectively t>e referred to as "o-nT*. with n being an 
integer from 4 to 9). sab organb material layer having 
an electrical conductivity of at most 5x10^ S/cm (pref- 
erably lass than 1x10^ S/cm) at 20^C. either in the as- 

55 deposited condition or subsequent toarapb thermal an- 
neal. In currently preferred emtxxiiments the organic 
layer material is a-6T or a-6T with a-6T being most pre- 
ferred. 
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We have made the surprising discovery that, for ex- 
ample. a-6T can be produced and deposited in a man- 
ner that results in a layer of extremely tow conductivity, 
and that a TFT that comprises such a tow-conductivity 
active layer can have greatly improved properties, in- 
cluding a sut>stantially 'vnprcved source/drain current 
on/off ratio. Indeed, TFTs that comprise the novel active 
layer material can have an on/off ratto that is compara- 
ble to those of the novel (2-layer) TFTs described in the 
concurrently filed co-assigned patent appBcation by the 
same inventors of titl^ "Article Comprising an Organic 
Thin Film Transistor". Thus, TFTs according to the in- 
stant invention will typically, but not necessarily, com- 
prise a single organic layer, the •active" layer (but not 
excluding the presence of. e.g.. a protective layer over 
said active layer). 

In a further aspect the invention is embodied In a 
method of making a TFT that comprises an a-mT (m = 
4, 6 or 8) active layer The method comprises providing 
a quantity of a-mT. and depositing a layer of the o-mT 
on a substrate. The a-mT Is produced by a process that 
comprises providing a-(nn/2) thienyl. de-prolonated in 
the 5-posltion. in an organic solvent. Significantly, the 
process of producing said a-mT stiP further CO rnp rises 
contacting said a-(m/2) thienyl in the organic solvent 
with a non-halogenating oxidizing agent such that an a- 
mT-containing mixture is formed, and isoiattng said a- 
mT from the mixture. As will be described later h detail, 
the 'isolating* step comprises a multiplicity of substeps. 

Although the discussion bekm will be primarily in 
terms of a-6T. we currently believe that many if not an 
of the other memt>ers of the above defined group a-nT 
can also be synthesized/treated to meet the specified 
conductivity requirement A prior art method of making 
compounds such as a-6T is disclosed in Chemical Ab- 
stracts. Vol 114. p. 22. Item 1B6387g (1991). 

As will be discussed in detaa betow. a-6T according 
to the invention differs from prior art a-6T not only with 
regard to carrier concentration but typically also with re- 
gard to such characterizing properties as melting point. 
X-ray diffraction pattern and elemental analysis. Similar 
differences are expected for o-4T and a-8T, and indeed 
for an a-nT These differences support the conclusion 
that the active layer materials according to the invention 
are essentiaily new materials that differ qualitatively 
from the analogous prior art materials. However, we wfll 
refer to materials according to the invention by the 
chemcal names that have commonly been used to refer 
to the analogous prior art materials. 

Exenr^plarily. a TFT according to the invention, with 
a-6T active layer, has exhibited in the as-deposited con- 
dition an on/off ratto of nrx>re than 10^ at 20»C. substan- 
tially higher (e.g., by a factor of 102) than the ratios typ- 
ically exhibited by prior art organic TFTs. The active lay- 
er of the exemplary TFT according to the invention was 
only D^tly p-type at 20»C. 



Brief Deeeriptton of the DrawlnQe 

FIG. 1 schematically shows an exemplary prior art 
TR 

FIGs. 2 and 3 schemattoally depict exemplary TFTs 

according to the invention; 

FIGs. 4 and 5 show data on drain cun-ent vs. drain 

voltage for 2 TFTs according to the invention, of 

somewhat cfifferenl conductivities; 

FIGs. 6 and 7 show the X-ray diffraction pattern of, 

respectively. a-6T according to the invention, and 

an exemplary prior art a-6T; 

FIG. 8 shows exemplary differential scanning cakx- 

imetry data for aST according to the inventton; and 

FIG. 9 shows an exemplary drive circuit in an active 

matrix liquid crystal display that comprises TFTs ac- 

cofcfing 10 the inventton. 

Detailed Description 

RG. 1 schemattoally deptots a prior art organk: TFT 
10 of the metal-insulator-semtoonductor field effect tran- 
sistor (Ml S-FET) type, wherein numerals 11-16refer, re- 
spectively, to substrate, first electrode (e.g., source 
electrode), second electrode (e.g.. drain electrode), 
third electrode (gate electrode), insulator layer, and ac- 
tive layer. 

FIG. 2 schematicany shows a MIS-FET type devtoe 
according to the inventton. The transistor 20 also com- 
prises substrate 11 (e.g.. a glass, silicon or plastk: body), 
first and second contacts 12 and 13. third contact 14. 
gate dielectric 15 and active layer 16. It wiN be recog- 
nized that topologically transistor 20 is the same as prior 
art transistor 10. However, the former comprises an ac- 
tive layer material that differs significantly from prtor art 
materials, resulting in substantially improved perfonn- 
ance (e.g., substantially higher on/off ratto of the 
source/drain cun-ent), as compared to prior art organto 
TFTs. 

FIG. 3 schematfcally depfcts another embodiment 
of the inventton, namely, an organic TFT of the metal- 
semtoonductor (MES)-FET type. Numerals 31-35 des- 
ignate, respectively, substrate, active layer, first, second 
and third contacts. 

By way of example. MIS-FET type TFTs according 
to the inventton. with i2Mm channel length and 250^m 
gate length, were fabricated on thermally oxidized, con- 
ductive Si substrates. The oxide, sewing as gate dielec- 
trto. was 300 nm thtok. The gate regton was accessed 
by a gold ohmto contact to the Si. and gold source and 
drain contacts were lithographicaHy defined on the sili- 
con oxide. The organic active layer was then fomned by 
evaporation onto the entire assembly at room tempera- 
ture and at a pressure of 10^ torr. The active layer was 
50 nm thtok. and was not heat treated. Measurements 
were made in situ. In vacuum. 

FIG. 4 shows cun/es of drah current vs. drain volt- 
age obtained from an exemplary TFT as descrtoed 
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above, with the active layer material (a-6T) prepared as 
described in detail below. 

The ofl-current (gate vottaoe 0 or positive, drain 
voltage -lOOV) was about ia^' A, and the onAoB ratio 
was greater than 10^. The as deposited a-6T at 20*C 
had a conductivily below 1 0^ S/cm. (approximately 1 
S/cm). and was barely p^e (i.e.. It was substantially 
intrinsic), as those skilled in the art will recognize from 
the substantial overlap of the cuives for 0-60V gate volt- 
age. 

RG. 6 shows anatogous results for a TFT as de- 
scrtoed above, but with a-6T of somewhat higher con- 
ductivity (approximately 1 .4 xtO* S/cm) due to adven- 
titious impurity doping. The carrier mobility ws« about 
1-2x10-2 cm^A^-s. and the on/off ratk> was greater than 
106 tor gate voltages between 20V and -60 V. 

As can be seen from the above comparative results, 
material preparation is a significant aspect of TFTs ac- 
cording to the invention. We win next describe a novel 
method of making a-6T that can yield material of veiy 
tow conductivity, exemplarily 5 5 x 10^® S/cm at 20'C. 
Use of such material in a TFT can result in very tow off- 
current a feature that inter alia can result in high on/off 
ratio and good dynamic response of the TFT The close- 
ly related compounds a-8T and a-4T can be made by 
substantially the same method. 

Material Preparation 

Reagent grade a-terthienyl was dissolved in about 
three times its weight of toluene and applied to a column 
of ten times its weight of silica gel packed wilh hexane 
in a chromatography column. The a-terthienyl was elut- 
ed from the column with hexane and the eluate was con- 
centrated in vacuum. This purified a-terthienyl (4.5 g) 
was placed in a round-bottom flask equipped with a 
magnetic stir bar. and 400 ml of tetrahydrof uran (THF). 
freshly distilled from sodium benzophenone ketyl, was 
added. The flask was capped with a rubber stopper. The 
solution was then purged with nitrogen, and cooled (with 
magnetic stirring) under nitrogen to <-70»C. A syringe 
containing 7.3 ml of 2.5 M n-butyllilhium in hexane was 
emptied into the flask via a needJe through the stopper 
over 10 min.. fol towed by stining for 20 addittonal min- 
utes bek>w -70*C. resulting in formation of a substantial 
quantity of a-terthienyl de-protonatod in the 5 position, 
namely, 5-lithio-a-terthienyl. A precipitate fomned. The 
resulting suspension was added via a cannub to a sec- 
ond stirred flask containing a non-hatogenating oxidiz- 
ing agent, e.g.. 6.4 g of reagent grade ferric acetylace- 
tonate, and 150 cril of the THF, cooled to <-70'C under 
nitrogen. The tow temperature was maintained for one 
hour after the addition; then the mixture was altowed to 
warm to ambient temperature over 5-20 hours. The re- 
maining part of the procedure is directed towards isola* 
tion of the a-6T. 

The suspended solids were collected by vacuum fil- 
tratkan and washed in sequence with 100 ml of ethyl 



ether. 300 ml of 1% HCI in water, 300 ml of (Dl) water, 
100 ml of ethanpl, and 100 ml of ether. yieWing 3.5 g of 
cntde solid product The solid was further washed with 
100 ml each of 0.1% t^CO^ in water, water, water 
5 again, ethanot. methyl ethyl ketone, and toluene, all 
heated to just betow hoping and with vigorous shaking 
to prevent bumping. The undissolved solids were ex- 
tracted with an »iert solvent with boiling point > 120"C. 
e.g.. 800 ml of boiling mesitytene under nitrogen for one 
10 hour. The extract was filtered at the bofling point through 
a funnel heated with the vapons of the same solvent (e. 
g., mesitylene) that was boiling in the receiving flask. 
The filtrate was allowed to cod to ambient temperature, 
and crystals were obtained. The supernatant was sep- 
is arated from the crystals by suction filtration and used to 
further extract the undssolved solids. A total of 1 .5 g of 
crystals were obtained. Porttons of 200-300 mg of the 
thus produced crystals were placed at the bottom of a 
glass subtimator measuring 5 cm in diameter and 6-12 
20 cm high. The material was sublimed >1 cm along the 
glass tut>e by heating at about 300*C and 10^ torr After 
cooling under vacuum to ambient temperature, the sul>- 
nmed material was scraped from the glass tube. 

The above described exemplary novel method of 
2S making a-6T comprises features that can significantly 
affect product quality. Among these is the use of a non- 
halogenating oxkJizIng agent exemplarily ferric acety- 
lacetonate. We have made the surprising obsenmtlon 
that prior art a-6T (e. g. . a-6T n«de with cupric chtoride) 
30 contains si^ificant amounts (typically 0.1-1 weight per- 
cent) of chtorine. To the best of our knowledge, the pres- 
ence of this undesirable constituent was unknown up to 
how and its substantial absence (less than 0.1 weight 
% chtorine or other hatogens, preferably less than 0.05 
3S weight %) from a-6T according to the inventfon is a sig- 
nificant aspect of the invention that is oonsklered impor- 
tant for attainment of desirably low conductivity and/or 
high mobility. The a-6T made according to the above 
described method thus typically differs significantly from 
40 prtor art a-6T with regard to elemental analysis. 

Preferred methods of making a-6T also comprise 
solid extraction with an inert solvent with boifing point 
greater than 120*C. exentplarily mesitylene, and isola- 
tion of the a-6T by crystallizatton of the extract. The pre- 
45 ferred methods further comprise a multi-step washing 
sequence applied to the (pre-washed) crude solid prod- 
uct, and sublimatton of the washed solid product along 
a signiftoant distance, typically >1 cm. 

We have also made the surprising discovery that a- 
6T made according to the above descrft>ed method has 
a melting point that differs substantially from reported 
melting points of prior art a-6T. which are in the range 
280-307*C. Specffically. using differential scanning ca- 
torimetry under nitrogen, we found the melting point of 
the novel a-6T to be about 31 S'C. as demonstrated by 
FIGS. 

Furthermore, we have found significant differences 
between the X-tay diffraction pattems of a-6T made ac- 
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cording to the novel method and published diffraction, 
patterns of prior art a-6T. as demonstrated by FIGs. 6 
and 7. The former pertains to a-6T according to the in- 
vention, and the latter is the published diffraction pattern 
of a prior art a-6T See B. Sennet et aL Advanced Ma- 
terials . Vd. 5(6). p. 461 (1993). 

Generally speaking, material accordrig to the in- 
vention has more numerous and sharper X-ray peaks. 
Specifically, in a-6T according to the invention the prior 
art peaks (see the above cited artcle by B. Sennet et aL) 
at about 20^ and 22.5* each are resolved into at least 
two peaks. 

The above discussed obsen^atkris indicate that a- 
6T according to the invention is a material that can give 
rise to evaporated films that can exist in a more stable, 
more dense and better ordered crystallhe fomn than pri- 
or art a-6T. Indeed, electron microscopy has confirmed 
that as-deposited filnrw of a->6T according to the Inven- 
tion (deposited on a substrate at room tenr^erature) can 
consist of large, anisolropc platelets with lengths of 
100-200 nm that are clearly interconnected. This is to 
be contrasted with similarly deposited prior art o-6T 
films which are reported to have grain sizes of 50 nm, 
with the isotropic grains more or less separated from 
each other (B. Servet et al. Chemistry of Materials . Vol. 
6. (1994). p. 1809). These stnjctural differences are re- 
flected in differences in carrier mobility. The a-6T films 
according to the invention can have mobility of about 
1 0-2 cm?/V.s. whereas the above described prior art ma- 
terial was reported to have mobility of only 2 x 10^ 
cm^/V'S. 

We currently believe that the above discussed im- 
proved properties are important for attainment of the im- 
proved device perfonmance, e.g., for attainment of a 
high on/off ratio of the source/dfain current In partteular, 
we believe that halogen content below 0.1 weight % 
(preferably betow 0.05 weight %) is an important aspect 
of active layer material according to the invention, since 
active layer material with higher hatogen content is likely 
to have relatively bw carrier mobility. 

Those skilled in the art will appreciate that the above 
described method of making o-6T is exemplary, and that 
modifications of the method are possible. For instance, 
altemative inert soh^ents (e.g.. xylene) of similar polarity 
to that of mssstylsne may be used, other metal-aikyi re- 
agents (e.g.. sec-butyllithium) may be used Instead of 
n-butylllthium, and other non-halogenating oxidizing 
agents (e.g.. ferric trifluoro-acetylacetonate, manga- 
nese (III) acetylacetonate) may be used. Furthermore, 
the method is net limited to the synthesis of a-6T but 
applies, with obvious ntodiffcatfons (e.g.. starting mate- 
rial, quantities and temperatures of solvents, sublima- 
tkxi temperature and pressure), also to the preparatkxi 
of a-4T and a-ST. and to the preparation of closely re- 
lated compounds such as the end-substituted deriva- 
tives of a-€T. a-4T and a-8T Furthermore, at least the 
purification aspects of the novel method are expected 
to be applicable, with obvious modificatiorts (e.g., use 



of solvents of appropriate polarity and boiling point, sub- 
limation temperature and pressure) to other related 
compounds such as a-5T, a-7T and a-9T, and their 4 or 
5 substituted derivatives. 

An appropriate quantity (e.g., 50 mg) of a-6T pro- 
duced as described above was placed into a conven- 
tional tungsten boat in a conventional evaporator sys- 
tem. The base pressure in the evaporatton chamber was 
about 10-7 ton-. The boat was heated to about 3(X)*C, 
and a 50 nm thick a-6T film was deposited uniformly 
over an appropriate substrate at room temperature. The 
as-deposited material typically was polycrystalBne, with 
average grain size of order 100 nm. 

We have found that an appropriate heat treatment 
of the as-deposited a-nT can change the morphology of 
the layer, and potentially further improve devtee charac- 
teristfcs. More specifically, we have found that rapkJ 
thermal annealing (RTA) of as-deposited films of. e.g., 
a-6T can substantially increase the grain size of the ma- 
terial, to the extent that average grain size can be com- 
parable to or even exceed the channel length (typically 
4 - l2Mm) off the intended TFT. If this is the case then 
the active layer can behave substantially like a single 
crystal layer. 

Annealing an as-deposited a-6T film for a short time 
(typkany less than 10 seconds, e.g.. 1 second) at a tem- 
perature close to (optbnally even slightly above) the 
melting point (e.g.. 295-31 5*C) exemplarily has resulted 
in increase of the average grain size to above 2|im. e. 
g. In the range 5 - lOO^m. Annealing is desirably done 
in an inert atmosphere, e.g., N2. Any suitable heat 
source (e.g.. a bank of hatogen lamps focused to a sus- 
ceptor. or a graphite strip heater) can be used. It is an- 
ticipated that the morphology of the other a-nTs can also 
be improved by appropriate FfTA. 

Furthermore, we have dtecovered that RTA off as- 
deposited p-type a-6T films can result fri substantial de- 
crease of the conductivity, with consequent increase in 
on/off ratfe. For instance, a as-deposited a-6T layer ex- 
hibited a conductive of alxxrt ^0r^ S/cm. After a RTA 
(296»C for 1 second) in Ng. the layer exhibited a con- 
ductivity of 0.7 X 108 S/cm. It is expected that other 
members of the group a-nT will show similar conductiv- 
ity decreases. 

TFTs according to the inventksn can be produced in 
substantially the same way as analogous prtor art TFTs. 
provided that a a-nT of the required low conductivity is 
used. Exemplary substrates are glass, plastics such as 
MYLAR(8>or KAPTON(&, or Si (coated with SiOg or other 
insulator). Use of encapsulant that protects the active 
layer material is contemplated. 

Transistors according to the irwenton can be used 
as disaete devices but will more typfcally be used in in- 
tegrated circuits that comprise a multiplcity of transis- 
tors acconjing to the invention, possibly in conjunction 
with conventional semiconductor devices, with conduc- 
tors interconnecting the devices and providing means 
for energizing the devfees. providing input signals to the 
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circuit and optionally receiving output signals therefrom. 

By way of example, transistors according to the irv 
vention are used as current switches in liquid crystal dis- 
plays in functionally the same way as prior art semicon- 
ductor TFTs are currently used. This is schematicany il- 
lustrated in RG. 9. which is based on an illustration at 
p. 102 of "Amorphous and Microcrystalline Devices". J. 
Kanicki. editor. Artech House. Boston (1991). FIG. 9 de- 
picts relevant aspects of an exemplary circuit diagram 
o( an active-matrix liquid crystal display, wherein trah- 
sistors 101 are TFTs according to the invention, and the 
remainder of the circuit is conventional Numerals 102 
refer to liquid crystal, and numerals 103-105 referto sig- 
nal lines, gate lines and common electrode, respective- 
ly. Video signals .and gate pdlses are also shown sche- 
matically. :;- 



Claims 

1 . An article comprising a thin film transistor (e.g., 20) 
comprising 

a) a layer (16) of organic material; 

b) spaced apart first and second contact means 
(12. 13) in contact with said layer; and 

c) third contact means (14) that are spaced 
from said first and second contact means and 
that are adapted for controlling, by means of a 
voltage applied to the third contact means, a 
current between the first and second cqrrtact 
means through said layer; CHARACTERIZED 
IN THAT 

d) the organic material is sele^^ed from the 
group consisting of a-nT. with n being an inte- 
ger from 4 to 9. all with or without substituent 
on the 4- or Scarbon on the terminal rings, and 

e) has an electrical conductivity of at most 5 x 
10^S/cmat20'C. 



rent greater than 10*. 

7. An article according to dam 1 . wherein the organic 
material has a conductivity of at most 5 X 10^ S^cm 
5 in the as-deposited condition. 

a A method of making a thin film transistor that com- 
prises an a-mT active layer where m = 4, 6 or 8, all 
with or without substituent on the 4- or 5-cait)on on 
JO the terminal rings, the method comprising 

a) providing a quantity of a-mT, said a-mT pro- 
duced by a method that comprises providing a- 
(m/2) thienyl, de>protonated in the 5-position, 

IS in an organic solvent; and 

b) depositing a layer of said a*mT on a sub- 
strate; CHARACTERIZED IN THAT said meth- 
od of producing sakf quantity of a-mT further 
comprises 

20 c) contacting said deprotonated a-(m/2) thienyl 

in the organic solvent with a norvhalogenating 
oxidizing agent such that an a-mT containing 
mixture is formed; and 
d) isolating sakl a-mT from said mixture. 

2S 

a Method according to claim 8, wherein the deproto- 
nated a-(nfV2) thienyl is 5-lithio-a-terthienyl, ar«jthe 
a-mT is a-6T. 

30 10. Method according to claim 8. wherein step d) com- 
prises washing the a-mT with solvents, and optkxi- 
aHy comprises orte or both of 

i) recrystallization of the a-mT under inert con- 
35 ditions; and 

ii) sublimation of the a-mT under vacuum. 
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2. An article according to claim 1 . wherein the organic 
material is selected from a-6T and a-8T. both with 
or without said substituent 

3. An ank:le according to claim 2. wherein the organic 
material contains less than 0. 1 weight percent hal- 
ogen. 

4. An article according to claim 3, wherein the organic 
material is a-6T arid has a melting point ol about 

3iyc. 
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5. An article according to claim 4. wherein the iayer of 
organic material is a polycrystaBtne layer with aver- 
age crystallite size of at least 2jim. ^ 

6. An article according to claim l.wheren the thin film 
transistor has an on/off ratio of a source/drain cur- 



7 



9CS00CID: <EP 07t&<5eA2.l.> 



EP 0716 458 A2 




FIG, 



EP0716458A2 




FIQ, 5 





10-5 




ir8 . 


Ui 




u 


10-8 r 








,0-10 




10-11 








-20 -40 -60 -80 
ORAM VOLTAGE (V) 



-100 



EP0716458A2 



FIG. 6 




i> i« 15 20 25 JO 35 40 45 50 55 
DIFFRACTION ANGLE 28 (DEGREE) 



8 



S 



2.00 
1.62 

0.98 
0.72 
0.50 

^ ^ J-S 
2 0.18 

S 0.08 

0.02 




10 20 30 40 ^6" 
29 (DEGREE) 



60 




250.0 260.0 270.0 280.0 290.0 300.0 310.0 320.0 330.0 
TEMPERATURE {^'c) 



10 



EP0716 458A2 




eNSDoaa <ep 07ietfBA2_i.> 



11 



(19) 



Europaisches Patentamt 
European Patent Offiea 
Office europeen dee breveU 




ill 



(12) 



(11) EP 0 716 458 A3 

EUROPEAN PATENT APPLICATION 



(88) Date of publication A3: 

26.11.1997 Bulletin 1997/48 

(43) Date of publication A2: 

1^0ai»SMS BuUetIn 1996/24 

(21) i^pfication number 95308517.2 

(22) Dale of filing: 28.11.1995 



(51) intciA HOIL 51/20, H01L 51/30, 
HOI L 51/40 



(84) Designated Contracting States: 
DE FR GB NL 

(30) Priority: 09.12.1994 US 353032 

(71) Applicant: AT&T Corp. 

New York, NY 10013-2412 (US) 

(72) Inventors: 

• Dodabalapur, Ananth 
Millington, New Jersey 07946 (US) 



• Torsi, Lulsa 

Murray Hill, New Jersey 07974 (US) 

• Katz, Howard E. 

Summit, New Jersey 07901 (US) 

(74) Representative: Johnston, Kenneth Graham 
Lucent Technologies (UK) Ltd, 
5 IMornlngton Road 
Woodford Green Essex, IQ8 OTU (GB) 



(54) 



li/lethod of making an organic thin film transistor, and article made by the method 



(57) Organic thin film transistors having unproved 
properties (e.g.. cn/off ratio> 10^ at 20'*C) are disclosed. 
The improved transistors comprise an organic active 
layer (16) of low conductivity (<5 x 10* S/cm at 20'C, 
preferably less than 10^ or even 10-9 S/cm). A method 
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